INTRODUCTION
============

Accurate determination of long-term global temperature trends is critically important for the climate science community as well as the public to understand how anthropogenic greenhouse gas emissions have influenced global climate change. It also provides an observational record for validating climate model simulations of climate changes in the past, building confidence for the climate models to predict climate changes in the future. Such a capability will ultimately help society to develop informed policies on climate change mitigation and adaptation.

Although the primary mission of sun-synchronous, polar-orbiting environmental satellites is weather forecasting, providing most observations used in global forecasting models ([@R1]), polar-orbiting satellites have been playing a vital role in measuring temperature trends during the past few decades ([@R2]--[@R18]) owing to their global coverage and long-term continuity. However, satellite-derived temperature trends have been a subject of debate for nearly three decades. The first attempt to derive satellite-based atmospheric temperature trends was made in the early 1990s using observations from the Microwave Sounding Unit (MSU) onboard the National Oceanic and Atmospheric Administration (NOAA) Polar-orbiting Operational Environmental Satellite series ([@R2]). The MSU and its follow-on microwave sounders passively measure the upwelling radiances from the 50- to 60-GHz absorption band of the atmospheric oxygen in discrete frequency channels. The radiance measured by each frequency channel comes from a different layer of the atmosphere, depending on the strength of the absorption at that frequency. The relative contribution of temperatures at individual levels to the measured layer temperature is represented by a vertical weighting function, which is typically a bell-shaped curve peaking at certain level in the height coordinate ([Fig. 1](#F1){ref-type="fig"}). The initial study ([@R2]) used MSU channel 2 with a frequency band catered at 53.74 GHz for temperature trend detection in the mid-troposphere. The same group also created a lower-tropospheric temperature time series from differences between the near-nadir and near-limb observations of MSU channel 2 ([@R3]). This study found near-zero trends during 1979--1990 in the lower- and mid-tropospheric temperatures, in contradiction to both the ground-based observational evidence that the surface temperature had been increasing during the same period ([@R4]) and the theoretical prediction that the global temperature near the Earth's surface shall be increasing due to increasing greenhouse gases such as the carbon dioxide in the atmosphere ([@R19]).

![Weighting functions of satellite microwave sounders.\
Weighting functions for MSU channel 2 and ATMS channels 5 to 15. The AMSU-A weighting functions are the same as those of the ATMS counterpart channels.](aau0049-F1){#F1}

One explanation for this inconsistency was that the MSU channel 2 weighting function extended from the surface to the lower stratosphere ([Fig. 1](#F1){ref-type="fig"}); hence, temperature trends derived from this channel contained contribution from the lower stratosphere that had been cooling during the same period of time. Removing this lower-stratospheric cooling effect resulted in warming trends in the satellite-derived mid-tropospheric temperature ([@R5]).

Lower-stratospheric contamination was not the only factor that caused the inconsistencies between the warming surface and the near-zero temperature trends in the lower and middle troposphere in the initial study. With more investigation, researchers found that residual biases remained after satellite data processing and these biases influence MSU-derived long-term trends. It is now well understood that four types of errors could result in spurious temperature trends from satellite observations. The first is the sampling error that occurs when different satellites sample Earth at different local times due to their deployment in different sun-synchronous orbits. This problem also afflicts individual satellites as their orbits drift with satellite aging ([Fig. 2](#F2){ref-type="fig"}) caused by constant gravitational attraction from Earth. The magnitudes of temperature diurnal cycles in the lower and middle troposphere are large over the land area. If not or wrongly corrected, the temperature diurnal differences due to different observation time can become aliased with the long-term satellite time series, causing spurious trends in the satellite observations ([@R6]).

![Satellite local equator crossing time.\
Local equator crossing time (LECT) of the ascending orbits for Aqua, MetOp-A, and SNPP, in comparison with NOAA-15 and NOAA-18 satellites with an orbital drift. The descending and ascending orbits are 12 hours apart.](aau0049-F2){#F2}

The second error source is the decrease in satellite orbital altitudes, which originates from drags on the spacecraft from the solar ultraviolet radiative heating ([@R7]). The orbital decay causes brightness temperatures from the satellite near-limb views to warm faster relative to those from the near-nadir views ([@R7]). For temperature of the lower troposphere, the different warming rates between the near-nadir and near-limb observations introduce a spurious cooling trend to the final time series. This effect is negligible for temperature of the mid-troposphere, which is derived from averages of the near-nadir views.

The third error source is from the satellite calibration, a process that converts the signals received by a satellite antenna in the form of electric voltage counts to radiances emitted by Earth that are used for geophysical applications. The designed calibration uncertainty estimate for satellite microwave sounders is 0.5 to 1 K. Constant calibration errors do not affect trend estimates because they are cancelled out by time derivative. However, calibration errors may drift over time due to changes in calibration nonlinearity ([@R8]--[@R10]). The calibration-drifting errors can be larger than the climate trend signals, which are on the order of 0.1 to 0.2 K per decade in the lower and middle troposphere ([@R9]--[@R14]). Calibration-drifting errors can cause two satellite records to drift away from each other with time, which inevitably leads to differences in their trend estimates. Recalibration aiming to remove these errors must be conducted in order for observations from different satellites to be able to reliably detect temperature trends ([@R8]--[@R14]).

The fourth error source is from changes in channel frequencies in different generations of the microwave sounders. The MSU was followed by the second generation of the microwave sounder, the Advanced Microwave Sounding Unit-A (AMSU-A), starting from 1998 until the present. The AMSU-A contains more channels, with their measurement extended from the surface to the upper stratosphere with higher spatial resolutions both horizontally and vertically than its predecessor, the MSU. However, channel frequencies in their counterpart channels are slightly different ([Table 1](#T1){ref-type="table"}), resulting in differences in samplings of the atmospheric layers. Researchers found drift over time in the biases between the last MSU satellite, the NOAA-14, and the first AMSU-A satellite, the NOAA-15 ([@R13]), possibly due to a combination of calibration-drifting errors and channel frequency differences between them. In addition, channel frequencies may shift from their prelaunch specifications after satellite launch for the same MSU or AMSU-A instruments ([@R10], [@R20]), causing sampling biases relative to other instruments of the same type. Bias removal algorithms must be developed to account for this type of error ([@R8]--[@R16]).

###### Channel frequencies of satellite microwave sounders.

Channel frequencies of MSU, AMSU-A, and ATMS. The 51.76 GHz channel is unique to the ATMS sensor. The vertical and horizontal polarizations of the channels are denoted by V and H, respectively. Unit in GHz.

  **MSU**          **AMSU-A**                           **ATMS**
  ---------------- ------------------------------------ -----------------------------------
                   23.8 (V), Ch1                        23.8 (V), Ch1
                   31.4 (V), Ch2                        31.4 (V), Ch2
  50.3 (V), Ch1    50.3 (V), Ch3                        50.3 (H), Ch3
                                                        51.76 (H), Ch4
                   52.8 (V), Ch4                        52.8 (H), Ch5
  53.74 (H), Ch2   53.595 ± 0.115 (H), Ch5              53.596 ± 0.115 (H), Ch6
                   54.4 (H), Ch6                        54.4 (H), Ch7
  54.96 (H), Ch3   54.94 (V), Ch7                       54.94 (H), Ch8
                   55.5 (H), Ch8                        55.5 (H), Ch9
  57.95 (H), Ch4   57.290 (H), Ch9                      57.290 (H), Ch10
                   57.290 ± 0.217 (H), Ch10             57.290 ± 0.217 (H), Ch11
                   57.290 ± 0.3222 ± 0.048 (H), Ch11    57.290 ± 0.3222 ± 0.048 (H), Ch12
                   57.290 ± 0.3222 ± 0.022 (H), Ch12    57.2903 ± 0.322 ± 0.022 (H), Ch13
                   57.290 ± 0.3222 ± 0.010 (H), Ch13    57.290 ± 0.322 ± 0.010 (H), Ch14
                   57.290 ± 0.3222 ± 0.0045 (H), Ch14   57.290 ± 0.322 ± 0.0045 (H), Ch15

With efforts over more than two decades, researchers developed various algorithms for removing errors, as described above ([@R7]--[@R16]). With improved algorithms, satellite-derived tropospheric temperature trends show better agreement in the latest versions developed by different research groups compared to their earlier versions. Specifically, the mid-tropospheric temperature trends from two of three research groups agree with each other quite well ([@R17], [@R18]). However, trend differences still exist due to differences in algorithms selected in developing temperature time series by different research groups.

The situation has changed completely with the next-generation U.S. microwave sounder, the Advanced Technology Microwave Sounder (ATMS). The ATMS is currently being flown on the NOAA/NASA Suomi National Polar-orbiting Partnership (SNPP) satellite and the NOAA-20 \[Joint Polar Satellite System-1 (JPSS-1) before launch\] and to be flown on future JPSS platforms. The ATMS is a total power cross-track radiometer with 22 channels, combining all the channels of the heritage sensors into a single sensor that spans from 23 to 183 GHz for atmospheric temperature and moisture soundings. The ATMS temperature-sounding channels have exactly the same channel frequencies for most channels, except for channel 4, as its predecessor, the AMSU-A ([Table 1](#T1){ref-type="table"}). This is a critical feature of the instrument design that allows temperatures of the same atmospheric layers to be measured continuously from the past to the present and onward to the future. With these characteristics, errors due to channel frequency differences are not to be expected between ATMS and AMSU-A, unlike in the case between the first (MSU) and second (AMSU-A) generations of the microwave sounders.

The SNPP satellite was launched on 28 October 2011 onto an afternoon orbit with the ascending LECT at 13:30 p.m. This orbit has been fixed using onboard propulsion at its original time with a drifting error of less than 10 min throughout the SNPP operation from its launch time until the present ([Fig. 2](#F2){ref-type="fig"}). Up to the present, the SNPP/ATMS has more than 6 years of overlapping observations with AMSU-A on several polar-orbiting satellites that are still operational. Among these satellites, the NASA Aqua also has a stable orbit with its ascending LECT fixed at close to 13:30 p.m. throughout its operations since its launch on 4 May 2002 ([Fig. 2](#F2){ref-type="fig"}). In addition, the European MetOp-A has a stable orbit but with a different ascending LECT fixed at close to 21:30 p.m. since its launch on 19 October 2006 ([Fig. 2](#F2){ref-type="fig"}). In operations for more than 10 years and far exceeding their 5-year design life, most Aqua and MetOp-A AMSU-A channels are still in excellent working conditions. The fact that SNPP/ATMS and Aqua/AMSU-A have the same local observation time provides an excellent opportunity to examine their radiometric stability, because diurnal drift effects are absent between the two observations during their entire overlapping period.

RESULTS
=======

Assessment of radiometric stability on SNPP/ATMS and Aqua/AMSU-A
----------------------------------------------------------------

We show in [Fig. 3](#F3){ref-type="fig"} the anomaly time series of brightness temperatures averaged over the ascending and descending orbits for the example channels, SNPP/ATMS channel 9 versus its Aqua/AMSU-A counterpart channel 8, and their difference time series. We also show in fig. S1 (A and B) the global mean anomalies for all analyzed channels here for ascending and descending orbits, respectively. The temperature anomalies in [Fig. 3](#F3){ref-type="fig"} and fig. S1 are a quantity measuring layer mean temperature changes with respect to a climatology for each individual channel. The temperatures in the climatology are fixed values for each month and each grid cell (fig. S2). As a multiyear mean of the monthly brightness temperatures, the climatology is composed of two parts: the actual climatology representing the real atmosphere measured by the specific channel and calibration biases. The latter quantity may change slightly with season and geolocation, a consequence of scene temperature--dependent biases owing to inaccurate calibration nonlinearity ([@R10]). These scene temperature--dependent biases are respectively demonstrated in figs. S2 and S3 in the climatology differences between SNPP and Aqua.

![Anomaly time series for assessment of radiometric stability.\
Monthly global mean anomaly time series of brightness temperatures for AMSU-A channel 8 onboard Aqua (blue, top) versus ATMS channel 9 onboard SNPP (red, top) and their difference time series (green, top and bottom). The AMSU-A and ATMS data are from June 2002 and December 2011 to April 2018, respectively. The AMSU-A anomaly time series are overlaid by ATMS during their overlapping period, with their differences shown as nearly a constant zero line in the same temperature scale. Amplified scale of temperature is used in the bottom panel to show detailed features in the anomaly difference time series. Both ATMS and AMSU-A data are from limb-adjusted views and averaged over ascending and descending orbits. Uncertainties in trends represent 95% confidence intervals with autocorrelation adjustments.](aau0049-F3){#F3}

Because changes of calibration biases with season have been included in climatology, calibration-drifting error, if it exists, will be reflected in the anomaly time series as change of calibration biases from year to year. We define an observation as being absolutely stable or free of calibration-drifting error if calibration biases do not incur interannual change. For absolute stable observations, the anomaly time series shall represent the actual climate changes in the layer mean temperatures measured by the instrument channels. Calibration-drifting errors are unknown a priori in general, and they can only be identified when the anomaly time series are compared to a reference with known drifting errors. Unfortunately, such a reference does not usually exist. The fact that Aqua/AMSU-A and SNPP/ATMS have the same channel frequencies for most channels and stable orbits with close to the same local observation time provides a rare opportunity for examination of their relative drifting errors and mutual validation.

The difference time series between the SNPP/ATMS and Aqua/AMSU-A anomalies demonstrate favorable statistics on their radiometric stability. For most channels and both ascending and descending orbits, their anomaly differences during their overlaps from December 2011 to April 2018 are less than 0.02 K in all monthly averages with a mean of 0 K to two decimal places and an SD of only around 0.005 to 0.01 K ([Fig. 3](#F3){ref-type="fig"} and fig. S1). The 6-year trends for the anomaly difference time series are less than 0.04 K per decade for seven of eight channels for both ascending and descending orbits examined here. Trend differences between ascending and descending orbits in the anomaly difference time series are less than 0.01 K per decade for all channels. The high precision in the anomaly difference time series allows their trend estimates with much lower uncertainty, being around 0.02 K per decade for most channels, although the overlapping period is still short. These trend statistics suggest that there are little or nearly no relative drifting errors between the SNPP/ATMS and Aqua/AMSU-A observations. Because the two instruments were calibrated completely independently and no time-dependent intersatellite bias correction was imposed, it is unlikely that their biases are drifting to exactly the same direction to arrive at a near-zero relative drifting error. The most probable explanation is that the anomaly time series from both observations closely represent the actual change of the atmosphere, that is, both instruments have achieved an absolute radiometric stability within 0.04 K per decade.

Such a stability has an important implication for climate trend detection. It suggests that climate temperature trends can be detected with an uncertainty only of 0.04 K per decade from the troposphere to the stratosphere. Given the required instrument stabilities for detecting climate change, which are 0.04 K per decade for the troposphere and 0.08 K per decade for the stratosphere ([@R21]), the uncertainties we obtained are sufficiently small, especially for the stratospheric channels, for accurate trend determination that could serve as a basic information in advancing climate change science such as understanding past climate changes and validation of climate model simulations to build confidence for climate change prediction in the future. Considering that the overlap between SNPP and Aqua is still short in our current comparison, we expect that the trends in their difference time series, and thus the observational uncertainty in the trend detection, will become yet smaller when both observations become longer.

The only exception is for AMSU-A channel 9 versus ATMS channel 10, which have a trend of 0.06 K per decade in their anomaly difference time series. There are two possible reasons for this larger drift. The first is inaccurate calibration nonlinearity in either of the ATMS or AMSU-A instruments. On the basis of analyses of calibration equation (12) and of simultaneous nadir overpasses for satellite pairs (9-10), inaccurate calibration nonlinearity causes observational biases to depend on scene temperatures in which biases are approximately linearly proportional to differences between the scene and reference temperatures. This is mathematically expressed as$$\left. \text{Observational\ biases}~ = (\mathit{T}_{o} - \mathit{T}_{r}) \right.\sim\alpha(\mathit{T}_{o} - \mathit{T}_{0})$$where *T* denotes brightness temperatures and the subscripts o, r, and 0 represent observations, the assumed truth, and a constant reference, respectively; α is a slope that can reach to the order of 0.01 to 0.02 for channels with large inaccuracy in calibration nonlinearity ([@R9], [@R12]). One consequence of the scene temperature--dependent biases is errors in the observed amplitudes of seasonal cycles, which is the primary reason for the seasonally dependent biases in climatology between the SNPP/ATMS and Aqua/AMSU-A observations (fig. S3). By taking the derivative of [Eq. 1](#E1){ref-type="disp-formula"} with time, the scene temperature--dependent biases also induce errors in the estimates of long-term temperature trends that are approximately linearly proportional to the magnitude of trends observed by the instrument channels.

The second reason is a possible shift in channel frequencies in the comparing instruments. Researchers found frequency shifts for certain AMSU-A channels in previous investigations ([@R10], [@R20]). Channel frequency shift causes an instrument channel to measure temperatures at atmospheric layers differently from its original design. Frequency mismatch between two instrument channels could result in a nonzero trend in their anomaly difference time series being equal to the trend differences between the two layers of the real atmosphere observed by the two channels.

The effects from the above two sources of error appear to be small for most channels in the SNPP and Aqua comparisons, but non-negligible for the exceptional channels. Nevertheless, the exceptional channels measure temperatures in the lower stratosphere, and the magnitude of their relative drift is actually within the required instrument stability of 0.08 K per decade for the stratosphere. In this sense, this exception is not a big concern on the statement of the high radiometric stability performance in the SNPP/ATMS and Aqua/AMSU-A observations. However, the potential impact on the accuracy of trend estimates from these sources of error needs to be carefully examined whenever two instruments are compared for assessment of radiometric stability and when observations from the SNPP/ATMS and Aqua/AMSU-A continue into the future.

Comparisons between SNPP/ATMS and MetOp-A/AMSU-A
------------------------------------------------

It is of interest to understand whether the stability assessment approach above can be applied to satellites with stable orbits but different overpass times such as those between SNPP and MetOp-A. We show in [Fig. 4](#F4){ref-type="fig"} the temperature anomaly time series for SNPP/ATMS channel 5 and its MetOp-A/AMSU-A counterpart channel 4 as well as their differences for ascending and descending orbits, respectively. These channels measure temperatures of the lower troposphere with a weighting function peaking near 0.5 km ([Fig. 1](#F1){ref-type="fig"}). Figures S4 and S5 show similar comparisons for all analyzed channels for global ocean and global land means, respectively. Similar to the comparisons between SNPP and Aqua, the anomaly differences between SNPP and MetOp-A have means of 0 K to two decimal places for both ascending and descending orbits. However, the SDs for these differences are much larger, ranging from 0.015 K for the tropospheric channels to 0.04 K for the upper stratospheric channels over the global ocean (fig. S4).

![Anomaly time series for assessment of asymmetric diurnal temperature trends.\
Monthly global mean anomaly time series of brightness temperatures for AMSU-A channel 4 onboard MetOp-A (blue, left) versus ATMS channel 5 onboard SNPP (red, left) and their difference time series (right). The top and bottom panels are for ascending and descending orbits, respectively. Both ATMS and AMSU-A data are from limb-adjusted views. Uncertainties in trends represent 95% confidence intervals with autocorrelation adjustments.](aau0049-F4){#F4}

Focusing on SNPP/ATMS channel 5 and MetOp-A/AMSU-A channel 4, trends in their anomaly differences show large disagreement between the ascending and descending orbits, being 0.025 K per decade for the former and 0.097 K per decade for the latter, respectively ([Fig. 4](#F4){ref-type="fig"}). This yields a difference as large as 0.072 K per decade between them. This is in contrast to the comparisons between the SNPP and Aqua where trends in their anomaly differences are about the same for ascending and descending orbits for all channels (fig. S1). Because the instrument calibration equation is the same for ascending and descending orbits (9-10), we expect instrument-specific errors, such as instrument calibration drifts, if they exist, to be the same for ascending and descending orbits and thus they cancel out in the differentiations between the two nodes. This is supported by the comparisons between SNPP and Aqua, in which the trend differences between the ascending and descending orbits in their anomaly difference time series are less than 0.01 K per decade for all channels (fig. S1). This argument rules out the calibration drifts and other instrument-specific errors as potential causes for the large trend difference of 0.072 K per decade between the ascending and descending orbits for SNPP and MetOp-A. As a result, the only reason left to explain their dissimilarity in ascending and descending orbits would be their differences in observation time.

Looking at the SNPP and MetOp-A trends during 2012--2018 in [Fig. 4](#F4){ref-type="fig"} for ascending and descending nodes separately and taking their LECT information into consideration, the MetOp-A nighttime trend at 21:30 a.m. local time from the ascending orbits (0.588 K per decade) was warmer than its daytime trend at 9:30 p.m. local time from the descending orbits (0.543 K per decade) by 0.045 K per decade. Meanwhile, the SNPP nighttime trend at 1:30 a.m. from the descending orbits (0.640 K per decade) was warmer than its daytime trend at 13:30 p.m. from the ascending orbits (0.613 K per decade) by 0.027 K per decade. Note that trend values for a specific ascending or descending node could contain an unknown calibration-drifting error (up to 0.04 K per decade based on the analyses on SNPP and Aqua), but this error mostly cancels out by differentiations between the ascending and descending orbits for the same satellite. Consequently, the trend differences between the daytime and nighttime temperatures are fairly reliable.

In summary of the above analyses, the two daytime observations minus the two nighttime observations from the SNPP and MetOp-A satellites had been cooling at a rate of 0.072 K per decade (=0.045 K per decade + 0.027 K per decade) during 2012--2018. This equals exactly the trend differences between the descending and ascending orbits in the SNPP and MetOp-A anomaly difference time series (=0.097 K per decade − 0.025 K per decade). Note that averages of the two daytimes are close to the local noon, while averages of the two nighttimes are close to the local midnight. This gives an estimated cooling trend of about 0.036 K per decade for the global lower-tropospheric temperature differences of the local noon and local midnight (the former minus the latter), which is one-half of those between the two daytime and two nighttime observations. Such asymmetric trends in the daytime and nighttime temperatures behave differently over the land and ocean. Over the global land, the MetOp-A daytime temperatures at 9:30 a.m. minus its nighttime temperatures at 21:30 p.m. cooled at a rate as large as 0.111 K per decade; over the global ocean, however, this relative cooling was only 0.018 K per decade. Meanwhile, the SNPP daytime temperatures at 13:30 p.m. minus its nighttime temperatures at 1:30 a.m. cooled at a rate of 0.033 K per decade over land and 0.024 K per decade over ocean, respectively. By averaging the SNPP and MetOp-A observations, the estimated cooling trend of the local noon relative to local midnight was about 0.072 K per decade over the global land (which happened to be twice as large as the global means) and 0.021 K per decade over the global ocean.

As an index for diurnal temperature differences, the diurnal temperature range, defined as the differences between the daily maximum and minimum temperatures, was found decreasing at a rate of 0.066 K per decade during 1950--2004 over the global land surface ([@R22], [@R23]). We expect similar cooling trends in diurnal temperature range for satellite temperature of the lower troposphere because it is close to the surface. The cooling trends of the satellite daytime relative to nighttime observations found here for the lower-tropospheric temperatures over the global land resemble the cooling trends in the diurnal temperature range at the surface, although they were estimated for different periods of time from different local observation times.

AMSU-A channel 5 and ATMS channel 6 measure temperatures in the mid-troposphere, which receive a smaller portion of radiative contribution from the surface than AMSU-A channel 4 and ATMS channel 5. As a result, they exhibited similar asymmetric diurnal trends but with smaller magnitudes. Specifically, the MetOp-A daytime temperatures at 9:30 a.m. minus the nighttime temperatures at 21:30 p.m. cooled at a rate of 0.048 K per decade over the global land and 0.010 K per decade over the global ocean, respectively. The SNPP daytime temperature at 13:30 p.m. minus the nighttime temperature at 1:30 a.m. had a cooling trend of 0.015 K per decade over the global land and 0.024 K per decade over the global ocean, respectively. In average, the local noon minus local midnight had an estimated cooling trend of about 0.031 K per decade over the global land and 0.017 K per decade over the global ocean, respectively, for the mid-tropospheric temperatures during 2012--2018.

The existence of asymmetric diurnal temperature trends makes it complicated to use satellite difference time series to assess radiometric stabilities for the surface-affected channels when satellite orbits are separated by a few hours, although they are stable. There is an ambiguity to explain their differences. Large trends in their anomaly differences, as in the case between SNPP and MetOp-A for the descending orbits, do not necessarily suggest large instrument calibration drifts because they could be caused by asymmetry in diurnal temperature trends in the real atmosphere. On the other hand, small trends in the anomaly differences, as in the case between the SNPP and MetOp-A for ascending orbits, do not necessarily suggest small calibration drifts because they could be a cancellation result between large calibration drifts and trends in diurnal temperature differences. Hence, more sophisticated approaches may need to be developed for accurate assessment of instrument stabilities for the surface-affected channels for satellites with different orbits. Nevertheless, satellites in the MetOp series all have the same orbits. The MetOp-A/AMSU-A radiometric stability could be assessed by comparisons with MetOp-B/AMSU-A, which has overlaps since September 2012, using the same approach as for the SNPP and Aqua.

Although radiometric stability cannot be determined for MetOp-A/AMSU-A channels 4 and 5 and SNPP/ATMS channels 5 and 6, orbital differences between them allow reliable estimates of relative trends between the daytime and nighttime temperatures for the lower and middle troposphere. This unique measurement capability would benefit the investigation and understanding of the long-term trends in diurnal temperature range and their relationship to changes in cloud, precipitation, aerosol, soil moisture, temperature extremes, and other atmospheric and surface variables ([@R24]).

For the stratospheric channels, that is, SNPP/ATMS channels 11 to 15 and MetOp-A/AMSU-A channels 10 to 14 where surface contribution is absent ([Fig. 1](#F1){ref-type="fig"}), asymmetric diurnal temperature trends appeared to be negligible (figs. S4 and S5). Consequently, similar to SNPP and Aqua, the small trends in the anomaly differences between SNPP and MetOp-A for both ascending and descending orbits suggest that both instruments have achieved an absolute radiometric stability within 0.04 K per decade for these stratospheric channels (fig. S4). However, due to the lower precision in the differences between SNPP/ATMS channel 15 and MetOp-A/AMSU-A channel 14, the uncertainty associated with the trend calculation is as high as ±0.07 K per decade for the anomaly differences over the ocean. This resulted in lower reliability on the stability assessment for MetOp-A/AMSU-A channel 14.

Atmospheric temperature trends during 2002--2018 observed from the Aqua/AMSU-A channels
---------------------------------------------------------------------------------------

The high radiometric stability performance in Aqua/AMSU-A during its overlaps with SNPP/ATMS can be extended to its earlier observations because the calibration algorithm has been maintained the same throughout the Aqua/AMSU-A operations ([@R10]). Hence, climate temperature trends from the Aqua/AMSU-A should have an observational uncertainty of 0.04 K per decade for its entire observational period. We summarize in [Fig. 5](#F5){ref-type="fig"} the 16-year trends for Aqua/AMSU-A channels 7 to 14 during 2002--2018, representing temperatures from the upper troposphere to the upper stratosphere. Although observational uncertainties are small, uncertainties associated with time length and temporal variability are still non-negligible, and they are shown as uncertainty bars superimposed on the trend values. These uncertainties will become smaller as observations become longer. This figure provides a vertical structure of the global temperature trends with high resolution and negligible observational uncertainty. Temperature trends in the upper troposphere were 0.12 ± 0.16 K per decade, gradually decreasing to near zero in the lower stratosphere and cooling with a magnitude of 0.49 ± 0.19 K per decade in the upper stratosphere. This structure is consistent with the recent examinations of atmospheric temperature trends with longer period of satellite observations and climate model simulations ([@R25]).

![Atmospheric temperature trends during 2002--2018.\
Temperature trends during 2002--2018 estimated from Aqua/AMSU-A channels 7 to 14 for averages of ascending and descending orbits, representing temperatures from the upper troposphere to the upper stratosphere. Uncertainties due to time length limitation and temporal variability (not the observational uncertainty due to instability) at 95% confidence intervals with autocorrelation adjustments are superimposed on the trend bars.](aau0049-F5){#F5}

DISCUSSION
==========

The high radiometric stability in the SNPP/ATMS and Aqua/AMSU-A measurements, as well as the MetOp-A/AMSU-A stratospheric channels, has broad impact on the climate trend observations from the microwave sounders as well as other instruments and could help resolve debates on observed differences in the climate trends. Radiosonde observations had been homogenized and extensively used for detecting climate temperature trends from the lower troposphere to the lower stratosphere ([@R8], [@R26]--[@R31]). Researchers found disagreement in climate trends between the satellite and radiosonde observations ([@R32], [@R33]). It remains a puzzle so far as to determine which of the two observations are more reliable when their derived trends in the atmospheric temperatures differ. By comparing with the stable observations from the SNPP/ATMS and Aqua/AMSU-A, biases and their drifts over time in the radiosonde observations could be identified, which could, in turn, help in developing more accurate radiosonde data records for climate trend detection.

Similarly, the GPS radio occultation (RO) observations had been used for temperature trend investigation over the stratosphere, and they were found in agreement with the Aqua/AMSU-A observations within 0.04 K per decade ([@R34]). These studies suggested high stability in both the GPS-RO and Aqua/AMSU-A observations for reliable trend detection. In contrast, homogenized satellite data products of earlier versions developed by different research groups showed climate trend differences up to 0.2 K per decade relative to the GPS-RO observations for the lower-stratospheric layer ([@R35], [@R36]). This may suggest potential errors in the applied algorithms in removing diurnal sampling drift or calibration drift when constructing satellite data records of the earlier versions. In this aspect, the stable SNPP/ATMS and Aqua/MetOp-A observations could help in identifying potential drifts in the homogenized satellite temperature records and improve their accuracy by serving as a reference in developing algorithms for corrections of diurnal sampling and calibration-drifting errors. In the latest development of homogenized satellite temperature records, researchers had used Aqua and MetOp-A as references to correct diurnal sampling drifting errors ([@R13], [@R16]). These approaches resulted in better agreement in derived climate trends between some of the latest versions of the homogenized satellite temperature records ([@R17], [@R18]).

Asymmetric trends of diurnal temperatures in the lower and middle troposphere found in the SNPP and MetOp-A observations could bring complications to the selection of the reference satellites for diurnal drift correction and affect the long-term trends in homogenized temperature time series. In developing satellite data records, researchers adjusted satellite observations at different times to either local midnight ([@R13]) or local noon ([@R10], [@R16]), in which satellites with stable orbits but different overpass times were combined together to serve as references. Over the global land, however, the midnight warms faster than the noon by about 0.072 K per decade and 0.031 K per decade in the lower- and mid-tropospheric temperatures, respectively. In extreme cases, the evening (21:30 p.m.) warms faster than the morning (9:30 a.m.) by as large as 0.111 K per decade for the lower-tropospheric temperatures over land. For an accurate estimation and fair comparison of long-term trends, different satellite data records should be adjusted to the same local time with asymmetric trends of diurnal temperatures accounted for when conducting diurnal drift corrections. These adjustments require knowledge of the relative trends between different reference satellites. The approach applied in this study for assessing asymmetric trends of diurnal temperatures would help improve the consistency of climate data records for temperature trend detection with improved accuracy.

Last, the assessment approach of radiometric stability and asymmetric diurnal trends using satellites with stable orbits could be applied to satellite microwave humidity sounders, which suffer diurnal sampling and calibration drifts similar to the microwave temperature sounders ([@R37]). Using humidity measurements from satellites with stable orbits as a reference could potentially help improve the accuracy of bias correction algorithms for more reliable climate change detection in the atmospheric moisture fields.

In conclusion, the next-generation U.S. microwave sounder, the SNPP/ATMS, because of its high accuracy and stable orbit, has brought a highly needed capability in terms of reliably measuring the global and regional climate temperature trends. Such a capability is a critical milestone in resolving debates on uncertainties in the climate's atmospheric temperature trends. The SNPP and NOAA-20 satellites will be followed by three NOAA operational JPSS satellites providing accurate and stable measurement for decades to come. The primary mission of JPSS is for weather forecasting. Now with the added feature of stable orbits, JPSS observations can also be used to monitor changes in climate with much lower uncertainty than the previous generation of NOAA operational satellites. This will benefit the entire climate science and service community for climate change investigation and support of decision-making process on climate change mitigation and adaptation.

MATERIALS AND METHODS
=====================

The Aqua and MetOp-A AMSU-A data
--------------------------------

The AMSU-A was designed to measure the vertical temperature profile from the Earth's surface to the upper stratosphere with its 15 channels ranging from 23.8 to 89 GHz ([Table 1](#T1){ref-type="table"}). The AMSU-A is a total power, line-scanning radiometer with an instantaneous field of view (FOV) of 3.3° at the half-power points. Its antenna provides a cross-track scan, covering 48.33° on each side of the nadir direction with a total of 30 Earth FOVs per scan line. These scan patterns and geometric resolution translate to a 45-km-diameter cell at nadir and a 2343-km swath width on the ground from the 833-km nominal orbital altitude.

We used the Aqua and MetOp-A AMSU-A daily gridded brightness temperature data archived at the NOAA/National Centers for Environmental Information (NCEI) in the Climate Data Record Program (<https://ncdc.noaa.gov/cdr/fundamental>) to generate temperature anomaly time series. The dataset was originally produced by the NOAA/Center for Satellite Applications and Research (STAR) group as an AMSU-A fundamental climate data record ([@R38]). In this dataset, intersatellite biases were minimized for the AMSU-A observations onboard multiple polar-orbiting satellites, including NOAA-15 to NOAA-18, Aqua, and MetOp-A. For Aqua, only a constant offset was added to its original swath radiances for each individual channel to minimize its differences from AMSU-A observations from other satellites ([@R10]). In this sense, this version of the Aqua data preserved the characteristics in the original operational calibration in terms of calibration drift, that is, no additional calibration drift was introduced to the Aqua data by the intercalibration effort. For MetOp-A AMSU-A, constant offsets and optimal nonlinear calibration coefficients were applied to minimize its differences from other satellites. Different calibration nonlinearity affects the seasonal cycles observed by the AMSU-A channels ([@R10]). It may also affect the observed climate trends that are expected to be more reliable with optimal calibration nonlinearity. Uncertainties associated with this effect are discussed in the analysis section.

In addition to swath radiances at each scan angles, the NOAA/STAR AMSU-A fundamental climate data record contains limb-corrected brightness temperatures for Aqua, MetOp-A, and other satellites. A limb correction adjusts radiances at off-nadir view angles to those at the nadir direction. This adjustment allows the use of the off-nadir footprints in the same way as the nadir observations to increase observational samples and reduce noise and sampling-related biases in developing climate data record. The statistical algorithm developed by Goldberg *et al*. ([@R39]) was used for the AMSU-A limb adjustment, adjusting a target channel using adjacent channels. The NOAA/STAR AMSU-A daily gridded data were generated by accumulating and binning limb-adjusted AMSU-A brightness temperatures into grid cells with a resolution of 1° latitude by 1° longitude and then averaging them in daily intervals ([@R38]). Among the 30 FOVs in a scan line, only footprints from the scan positions 8 to 23 were used in the daily gridded products, because limb adjustments for these scan positions resulted in off-nadir biases of only 0.1 K ([@R38], [@R40]).

The Aqua and MetOp-A AMSU-A daily data contain files with ascending and descending orbits separately. We further averaged these daily data to derive ascending and descending monthly data with the same spatial resolution. We then calculated a multiyear average for each channel, which is referred to as the annual mean "climatology" throughout this study, for ascending and descending orbits separately and for their averages, by averaging data for the same month at each grid cell through the period from January 2012 to December 2016 (figs. S2 and S3). The period for this climatology is exactly the same as for the ATMS. This is important, as selection of different periods for climatology calculation will introduce signals not suitable for an apple-to-apple comparison of the anomaly time series. Temperature anomalies for ascending and descending orbits and for their averages were calculated for each grid cells based on their climatology. Global mean anomalies were an area-weighted average of the anomalies over the globe for ascending and descending orbits and their averages, respectively.

The archiving in NOAA/NCEI contains AMSU-A data from channels 4 to 14. Aqua AMSU-A channels 4 and 5 failed since September 2007 and April 2012, respectively. The failure in channel 5 affected the quality of limb adjustment for its adjacent channel 6. Therefore, we only compared Aqua/AMSU-A channels 7 through 14 to the ATMS data. Similarly, MetOp-A AMSU-A channels 7 and 8 failed since December 2009 and April 2016, respectively. The failure of these two channels caused quality issues for limb adjustments for their adjacent channels 6 and 9. As a result, we only compared MetOp-A/AMSU-A channels 4, 5, and 10 through 14 to the ATMS data.

SNPP ATMS data
--------------

The ATMS is a total power cross-track radiometer with 22 channels, providing sounding observations of the atmospheric temperature and moisture profiles. The ATMS temperature-sounding channels have exactly the same channel frequencies as AMSU-A for most channels except for an addition of channel 4 (51.74 GHz, [Table 1](#T1){ref-type="table"}) for the measurement of near-surface temperatures. ATMS scans Earth within the range of 52.725° on each side of the nadir direction with an angular sampling interval of 1.11°, providing 96 Earth observations in a scan line. The ATMS antenna beam width is 2.2° for temperature-sounding channels 3 to 16. The differences in the beam width between ATMS and AMSU-A result in differences in the size of their FOVs. Because the angular sampling interval is much smaller than the beam width, the ATMS scans result in oversampling in both cross-track and along-track directions. A single FOV of any of ATMS channels 3 to 16 typically overlaps with its three neighboring FOVs and three nearby scan lines ([@R41]). The oversampling in the ATMS observations offers an advantage in the generation of the climate data record---sampling noise can be much reduced when multiple samples are averaged together to generate a single observation to represent a climate state.

We used the SNPP/ATMS temperature data record (TDR) reprocessed by the NOAA/STAR ATMS calibration and reprocessing teams to generate the ATMS anomaly time series. The reprocessed TDR data were generated on the basis of a consistent calibration algorithm as described by Weng *et al*. ([@R42]). The reprocessing had eliminated radiance discontinuity on March 2017 caused by changes in calibration algorithms during operational processing. The reprocessed TDR contains ATMS brightness temperatures at each scan position. Before using them for stability assessment, we further performed limb adjustments to the ATMS radiance data using limb correction coefficients developed by Zhang *et al*. ([@R43]). This adjustment resulted in off-nadir biases of only 0.2 K for all off-nadir footprints.

We calculated ATMS monthly anomaly time series similar to AMSU-A for their comparisons and stability assessments. For this purpose, we first generated daily gridded data, for ascending and descending orbits separately, by accumulating and binning limb-adjusted ATMS brightness temperatures into grid cells with a resolution of 1° latitude by 1° longitude and then averaging them in daily intervals. Each ATMS scan has 96 footprints; however, we only used near-nadir footprints from scan positions 29 to 68 to match with the swath width of AMSU-A. To compare with AMSU-A data of the same quantity, we further averaged these daily data in monthly intervals to derive monthly ascending and descending data with the same grid resolution. We calculated temperature anomalies for ascending and descending orbits and for their averages for each grid cells based on their annual mean climatology from January 2012 to December 2016. In figs. S2 and S3, we show comparisons of the ascending and descending climatology to those from Aqua AMSU-A. Similar to AMSU-A, global mean anomalies were an area-weighted average over the anomalies on all grid cells for a specific month.

We performed quality control to ensure that sufficient observations were available for each month in the ATMS and AMSU-A comparisons. After examining all ATMS and AMSU-A monthly data, we found a large amount of missing values in the October 2016 ATMS data and thus removed this month in the comparison.
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Fig. S1. Anomaly time series for assessment of radiometric stability for all analyzed SNPP/ATMS and Aqua/AMSU-A channels.

Fig. S2. Climatology of upper-tropospheric temperature in April.

Fig. S3. Global mean climatology for all analyzed SNPP/ATMS and Aqua/AMSU-A channels.

Fig. S4. Anomaly time series for assessment of radiometric stability and asymmetric diurnal temperature trends over ocean for all analyzed SNPP/ATMS and MetOp-A/AMSU-A channels.

Fig. S5. Anomaly time series for assessment of radiometric stability and asymmetric diurnal temperature trends over land for all analyzed SNPP/ATMS and MetOp-A/AMSU-A channels.
